In a previous article, we presented a generalized expression for second-order bulk and third-order surfacefield-induced optical rectification for zincblende43m crystal faces with arbitrary Miller indices (hkl) along with experimental data for (11N )A and (11N )B GaAs in transmission geometry. We now expand the results to quasireflection geometry, with angles of incidence and detection of 45
I. INTRODUCTION
The pulsed generation of terahertz radiation by samples under excitation from ultra-short near-infrared pulses has facilitated the development of time-domain spectroscopy and imaging in the previously elusive terahertz region of the electromagnetic spectrum, considered here to range from 0.3 to 3 THz. Emission is known to depend strongly on the experimental geometry used, such as the orientation of the excitation beam and detector relative to the sample. Additionally, effects such as electric field screening 1 may need to be considered. Emission may be due to one or more of several mechanisms, each of which may have a distinct dependence on the experimental geometry employed.
For instance, the application of an external electric bias to the semiconductor surface with a photolithographically grown photoconductive switch, 2, 3 or with simple silver paint contacts, 4, 5 results in a terahertz electric field in the surface plane, parallel to the bias field, as above-bandgap optical pulses generate free carriers which are in turn accelerated by the bias field. Photoconductive emitters are most commonly employed in a straight-through transmission geometry.
Emission may also occur due to the transport of photogenerated free-carriers at the semiconductor surface 6 in the absence of an external biasing field. Such emission may be due to the current surge effect, where photocarriers are accelerated by an intrinsic surface depletion field which arises due to band bending by Fermi-level pinning of the surface states, 7 which is typically observed for wide-bandgap materials such as GaAs 8 and InP. 9, 10 It may also be due to differing diffusion rates between photogenerated electrons and holes at the surface, known as the photo-Dember effect and typically observed in narrow-bandgap semiconductors with a high electron mobility such as InAs, 11, 12 InSb, 13 and GaSb.
14 While the effects are often mutually exclusive, 15 it has been shown that either mechanism can dominate in GaAs under the appropriate experimental conditions. 8 For both the current surge and photo-Dember effects, the transient terahertz electric field is normal to the semiconductor surface and thus will not contribute to emission in a transmission geometry. A quasireflection geometry is instead employed, allowing for the detection of the p-polarized signal.
Finally, the nonlinear processes of bulk 16 and surfacefield-induced 17, 18 optical rectification are known to depend strongly on not only the angles of incidence and detection but additionally on the polarization of the excitation beam, the crystallographic plane on which the surface is cut, and the azimuthal angle of the sample about its surface normal. The azimuthal angle dependence of the emitted terahertz signal is an identifying characteristic of optical rectification, and our previous article (Hargreaves, Radhanpura, and Lewis, 2009, 19 henceforth referred to as HRL) presented a general expression for the azimuthal angle dependence of both bulk and surface optical rectification in a zincblende crystal of arbitrary (hkl) crystallographic surface plane. In presenting the theory, we compared the calculated expression to experimental data for (11N ) GaAs in a straight-through transmission geometry and have since demonstrated a significant enhancement of the surface-field-induced signal in a (113)B GaBi 0.035 As 0.965 epilayer relative to the (113)B GaAs substrate. 20 In this article, we extend the previous work to a quasireflection geometry, including an experimental analysis of (11N ) GaAs and a discussion of the results in the context of the recently developed theory for (11N ) zincblende samples. To set the scene, Fig. 1 presents results for (115)A GaAs in both transmission and reflection, with a diagram of each geometry included as insets. We include data for (110), (111), and the high-index (112), (113), (114), and (115) faces of GaAs. Additionally, we include data for opposing A and B faces.
II. THEORY
Bulk optical rectification in the crystallographic frame may be calculated using the second-order susceptibility tensor χ (2) ij k ( ; −ω,ω), where is the terahertz difference frequency and ω is the excitation frequency. In materials with43m zincblende crystal symmetry, the tensor contains only a single nonvanishing term d 14 
, such that the bulk terahertz polarization is given by
where P i and E i are components of the terahertz polarization and the excitation electric field, respectively. Similarly, the surface-field-induced effect may be calculated using the thirdorder susceptibility tensor χ (3) ij kz ( ; −ω,ω,0), with the zero term corresponding to the DC surface depletion field. The surface-field-induced terahertz polarization is given by
where α = 3 χ zxxz , β = 6 χ zzxx , and γ = 3 (χ zzzz − χ zxxz − 2 χ zzxx ) and F i describes components of the surface depletion field. By transforming the excitation electric field and the surface depletion field into the crystallographic frame of reference, calculating the terahertz polarization due to optical rectification, and transforming the polarization back into the laboratory frame, HRL calculated the azimuthal angle dependence of the total induced polarization due to second-order bulk and third-order surface-field-induced components. The total response was found to consist of sinusoidal components up to 3θ as follows:
The coefficients G ij and V ij depend on the Miller indices of the crystallographic plane (h, k, and l), the refracted angle of incidence φ NIR , the polarization angle relative to the plane of incidence , and the pump electric field magnitude E 0 . Furthermore, the bulk optical rectification depends on the second-order susceptibility coefficient d 14 , and the surface-field-induced signal depends on the surface field F 0 and the third-order susceptibility coefficient γ . The values of these coefficients may be found in Appendix A of HRL. The polarization components P x , P y , and P z are those in the laboratory-fixed frame of reference, with the detected signal corresponding to a rotation of the double-primed components by the refracted angle of detection φ THz into the quadruple-primed frame (x ,y ,z ). The α and β surface-field-induced components are azimuthally invariant and are estimated to be small compared to the current surge effect and have been neglected.
The coordinates were chosen such thatx lies along the surface normal or along the (hkl) crystallographic direction for the A face and (hkl) for the opposing B face. The distinction between opposing A and B faces is outlined in Fig. 2 . Also,ŷ lies along the [kh0] and [kh0] directions for the A and B faces, respectively, constrainingẑ to lie along the [−hl, − kl,h 2 + k 2 ] direction for both faces. The laboratory-fixed double-primed frame is chosen such that x also lies along the surface normal, andŷ lies along the projection of the excitation beam onto the surface. The angle θ corresponds to a clockwise azimuthal rotation of the sample about the surface normal, with θ = 0 corresponding to coincident double-primed and triple-primed frames. Figure 3 illustrates the crystal-fixed triple-primed frame for opposing A and B faces. Figure 4 illustrates the theoretical distinction between opposing A and B faces using the example of the (112) face. A reversal of the dominant θ and 3 θ terms between faces is evident for the surface-field induced effect but not for the bulk effect. On the other hand, the 2 θ term and the signal offset reverse between faces for the bulk effect but not for the surface effect. Hence the choice of face is expected to have a pronounced effect on the combined optical rectification signal. This is not observed for (110) cuts due to the equivalence of opposing faces, and with the threefold rotational symmetry of the (111) face, the choice of A or B faces corresponds only to a change in the amplitude of the azimuthal angle dependence and not to its shape. Hence high-index samples yield insights into the surface properties that are not available for low-index samples.
III. EXPERIMENT
In contrast to the simple case of emitter-transmission geometry employed in HRL, a quasireflection geometry, with angles of incidence and detection of 45
• , was employed. In principle, both optical rectification and current surge effects arrangement. The signal is measured as the differential voltage output of a balanced photodiode pair, which is directly proportional to the THz field in the ZnTe crystal.
The p-polarized pump beam corresponds to = 0, and by using the refractive index of GaAs at 790 nm (n = 3.67), 21 one finds that φ NIR = 11.1
• . Similarly, using the low-frequency refractive index of n = 3.58, 21 the refracted angle of detection φ THz equals 11.4
• . Separate measurements were taken on both A and B faces for each (11N ) sample (N = 0 to N = 5).
For each azimuthal angle, separate time-domain scans over the main terahertz peak were taken, with the terahertz signal amplitude taken to be the peak-to-peak value of the differential voltage signal detected by the photodiode pair. The process was repeated for alternate terahertz polarizations (s and p isolated with a wire-grid polarizer) and for each GaAs sample. While the azimuthal orientation of the samples was not known beforehand, it could be inferred from the orientation of best fit between theoretical and experimental data, allowing us to identify the crystallographic directions (kh0) and (kh0) in the surface plane.
If the absorption length is sufficiently short relative to the depletion width, the surface depletion field can be considered constant over the absorption length, and γ F 0 /d 14 may be determined experimentally by comparing the bulk and surface contributions to the signal. The absorption length for GaAs at 790 nm is 22 α −1 = 7.0 × 10 −7 m, and according to the Schottky model, 23 the depletion width is given by W = (2 0 r V bi /q N) 1/2 , where 0 and r correspond to the permittivity of free space and the static relative permittivity respectively, V bi is the built-in potential, q is the carrier charge, and N is the carrier density. With a built-in potential of 0.75 V for SI GaAs, 24 we expect the absorption depth to be less than the depletion width if N < 1.9 × 10 15 cm −3 , which is the case for the samples measured.
IV. RESULTS AND DISCUSSION
Waterfall plots of the s-polarized and p-polarized timedomain signals for (112)A GaAs are given as Figs. 5 and 6, respectively. It is clear that the s-polarized signal and the p-polarized signal are distinct. The p-polarized signal is stronger, with optical rectification contributing to a proportionally small angular dependence relative to the azimuthally invariant term due to photocarrier acceleration. The polarity of the the p-polarized signal is consistent with both the photoDember effect and current surge from a surface depletion field pointing out of the surface plane; however, under our experimental conditions, it is believed to be due primarily to the current surge effect. It is also apparent that the timedomain profile of the s-polarized signal shows greater temporal symmetry than the p-polarized signal.
A z im u t h a l A n g le We turn our attention to the azimuthal angle dependence of the (110) "A" and "B" faces in Fig. 7 . While the bulk structure of the two faces is equivalent due to crystal symmetry, both faces are included for completeness. Both faces have a significant p-polarized offset due to the azimuthally invariant current surge effect; however, the offset was slightly stronger for the nominal "A" face with an offset of 1.61 ± 0.02 mV compared to 1.21 ± 0.02 mV for the "B" face. Although there was significant noise in the p-polarized (110)"B" response, the s-polarized response for both faces and the p-polarized (110) By retaining these fitting parameters for (111) samples, a close fit between theoretical and experimental results is again observed, as given in Fig. 8 . Due to the threefold rotational symmetry of the (111) face, the azimuthal angle dependence contains only sin 3 θ and cos 3 θ terms. For the A face, the surface component is in phase with the bulk term, leading to an enhancement of the total signal. For the B face, the two components are out of phase and the total signal is reduced. The current surge offset is slightly less than for the (110) faces, at 1.15 ± 0.02 and 0.79 ± 0.02 mV for the A and B faces, respectively.
Results for the high-index (112), (113), (114), and (115) samples are presented in Figs. 9 and 10 for s and p polarizations, respectively, still retaining the previous fitting parameters. For the s-polarized signal, the A face gave stronger results than the B face as predicted by theory; however, due to an increased signal-to-noise ratio for the B face, the A face had a closer correspondence between theoretical and experimental data.
For the p-polarized signal, the predicted distinction between the A and B faces in the shape of the azimuthal angle dependence is observed. While the current surge offsets for the (112) samples were comparable to the (110) samples, at 1.37 ± 0.02 and 1.67 ± 0.02 mV for the A and B faces respectively, the offsets for both faces of the higher-index (113), (114), and (115) samples were all found to lie in the range of 0.57 to 0.68 mV. Table I . This is likely due to minor variations in the surface properties such as the carrier concentration. Since both the surface-field-induced optical rectification component and the current surge component depend directly on the surface field intensity, a correlation between the two contributions is expected; however, due to uncertainties in the surface-field-induced term, such a correlation could not be conclusively identified. Part of the uncertainty in fitting the results to the theoretical predictions comes from the complication of the differing timedomain profiles of the current surge and optical rectification signal components (see Figs. 5 and 6), such that the total peak-to-peak signal may not correspond to the sum of the peak-to-peak signal for each component. Drift and noise in the near infrared laser was also evident. There may also be as-yet unidentified azimuthal angle-dependent contributions to the total signal, as observed previously for (100) InP.
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V. CONCLUSIONS
The azimuthal angle dependence of the time-domain electric field profile of emitted terahertz radiation from GaAs in a quasireflection geometry has been observed for several (11N )-cut samples, with N ranging from 0 to 5.
As well as a clear contribution to the p-polarized signal from the current surge effect, the characteristic azimuthal variation of optical rectification is also observed. We find that the results may be explained as a sum of current surge, bulk optical rectification, and surface optical rectification components, using our previously developed theory for optical rectification in high-Miller-index zincblende crystals.
We observe a clear distinction between crystallographic planes and between opposing A and B faces, measure the direction and relative intensity of the surface depletion field in each sample, and identify the in-plane crystallographic direction [110] . Optical rectification may hence be used in the analysis of semiconductor surface properties and to identify the precise crystallographic orientation of a sample.
